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El Mirón Cave was occupied by humans for over 40,000 years. Evidence of late Mousterian, 
Gravettian, Solutrean, Magdalenian, Azilian, Mesolithic, Neolithic, Chalcolithic, Bronze Age 















environmental conditions during the occupations is crucial for gaining an insight into the 
lifeways of El Mirón‟s inhabitants as they relied on the surrounding region and its natural 
resources for their subsistence. 170 bones of hunted red deer recovered from the cave were 
sampled for carbon and nitrogen stable isotope analysis with the aim of reconstructing the 
palaeoenvironment and palaeoclimate during the human occupation. The results show the 
surrounding landscape underwent considerable environmental change during the late 
Pleistocene and early to mid Holocene. Shifts in δ13C values between the Last Glacial 
Maximum, Heinrich stadial 1, Heinrich event 1, the Late-glacial interstadial and the onset of 
the Holocene reflect are likely to reflect changes in water availability and temperature. Deer 
δ15N generally increased over time indicating the regeneration of soil biological activity and 
nitrogen cycling, which was temporarily halted during the Younger Dryas. Comparison of the 
El Mirón results with those of 300 deer from other regions of Europe show geographical 




N values. This 
variation tracks local climate (temperature and water availability) and environmental 
(vegetation and forest development) changes. 
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Introduction: 
El Mirón Cave is one of the longest and most complete cultural sequences in Europe 
investigated to date, with occupation spanning over 40,000 years through the last glacial and 
current interglacial periods. Evidence of late Mousterian, Gravettian, Solutrean, Magdalenian, 
Azilian, Mesolithic, Neolithic, Chalcolithic, Bronze Age and Mediaeval occupations has been 
found in the cave (Straus and González Morales, 2003, 2007a, 2010, 2012a,b). Understanding 















insight into the lifeways of El Mirón‟s inhabitants as they relied on the surrounding region 
and its natural resources for their subsistence. Moreover local climate reconstructions will 
help further understanding of the role environmental change played in behavioural and 
cultural development within the Cantabrian region. A number of palaeoclimate and 
palaeoecological reconstructions have previously been undertaken at El Mirón and in 
Cantabria. They make use of climate proxies such as sediment microstratigraphy and 
micromorphology, pollen, charcoal, plant and faunal remains (e.g. Peñalba, 1994; Courty and 
Vallverdu, 2001; Ellwood et al. 2001; Peña-Chocarro et al. 2005a, 2005b; García Moreno, 
2006; García Amorena et al. 2008; Cuenca-Bescós et al. 2009; Iriarte, 2009; Marín-Arroyo, 
2010; González Sampériz et al. 2010; Farrand, 2012; Iriarte, 2012). Although valuable 
climatic information can be obtained via these techniques, they can be subject to taphonomic 
and diagenetic alteration. Thus the most powerful palaeoclimatic reconstructions are obtained 
using a multi-proxy approach. Stable isotope analysis of mammal bone collagen is a 
particularly valuble tool for palaeoclimatic reconstruction as the environmental information it 
provides complements that obtained via other proxies (Stevens and Hedges, 2004). Bone 
collagen isotope values reflect average conditions over the period of bone growth which is 
typically several years (Stenhouse and Baxter 1979; Hedges et al. 2007), thus isotopes 
indicate the typical ecological habitat in which animal lives. The palaeoenvironmental 
information obtained through isotope analysis of faunal remains can be directly linked to 
humans as the bones sampled are the remains of animals hunted by humans. Thus their 
isotope signatures reflect the local ecological niche in which the humans lived.  
 
In this paper we aim to reconstruct the palaeoenvironmental conditions at El Mirón during the 
late Pleistocene and early to mid Holocene through isotope analysis of red deer, and to 















Cantabrian region. Red deer have been chosen as they are the most abundant large herbivore 
present throughout most of the sequence. Previous studies of red deer isotope signatures have 
shown that they are a good species for this type of analysis as they tolerate a wide variety of 
habitats, thus changes in their local environment are reflected in their isotope values 
(Richards and Hedges, 2003; Drucker et al. 2003a; Stevens, 2004; Stevens et al. 2006; 
Drucker et al. 2008, 2011a). In addition we compare the red deer isotope results from El 
Mirón to those at contemporary sites in other areas of Europe in order to consider how the 
environmental change seen at El Mirón across the Pleistocene-Holocene transition compares 
to that observed in other regions of Europe. 
 
Carbon and nitrogen isotopes in bone collagen 
Analysis of carbon and nitrogen isotope in bone collagen is widely applied with the aim of 
palaeodietary reconstruction (e.g. Bocherens et al. 1999; Richards and Hedges, 1999; Privat 
et al. 2002; Lightfoot et al. 2009; Craig et al. 2010; Hakenbeck et al. 2010; Stevens et al. 
2010). More recently however it has been recognized that the technique can provide 
palaeoenvironmental information (e.g. Drucker et al. 2003a, 2003b; Richards and Hedges, 
2003; Hedges et al. 2004; Stevens and Hedges, 2004; Bump et al. 2007; Drucker et al. 2008; 
Stevens et al. 2008; Drucker et al. 2009a; Szpak et al. 2010; Drucker et al. 2011a, 2011b, 
2012). Underpinning this technique is the principle that the isotope signatures of different 
plants vary, are passed up the food chain to fauna (and then from fauna to fauna) and are 
recorded in the animal‟s body tissues such as bone collagen. Thus through isotope analysis of 
the bone collagen information about the diet of the animal can be obtained. Carbon and 
nitrogen isotopes in bone collagen reflect those of the dietary protein consumed over the last 
















Environmental factors can influence animal isotope signatures in three ways. First, changing 
climatic or environmental conditions can result in an animal changing its dietary 
composition. This could be a change in the species of plants consumed or alternatively could 
be a change in the part of the plant consumed as plant roots, stems, seeds and leaves can have 
different isotope signatures due to plant physiology (Heaton, 1999).  
 
Second, environmental factors can influence the isotopic signatures of soils and plants which 
are then passed up the food chain to animals. The primary control on plant δ
13
C is 
photosynthetic pathway, but during the late Pleistocene / early Holocene European plants are 
thought to have almost exclusively used the C3 photosynthic pathway (Ehleringer et al 1997; 
Bocherens and Drucker 2013). Thus large-scale differences in δ
13
C values such as those seen 
between C3 and C4 plants are not observed in fossil late Pleistocene plants or fauna from this 
region. Smaller scale variation in C3 plant δ
13
C values of the magnitude of a few ‰ are 
linked to environmental parameters. Light, water and nutrients availability, temperature, 
salinity, and atmospheric CO2 δ
13
C and partial pressure can cause a plant to increase its 
stomatal conductance and/or decrease its carboxylation rate, although water availability 
appears to be the most influential parameter (Heaton, 1999; Dawson et al. 2002). Thus the 
amount of isotopic fractionation during photosynthesis in each plant is dependent on the local 
environment. Correlations observed between plant δ
13
C and light availability, nutrients 
availability, salinity and water use efficiency are typically positive whereas between plant 
δ
13
C and water availability are generally negative (O‟Leary, 1995; Yakir and Israeli, 1995; 
Hill et al. 1996; Sparks and Ehleringer, 1997; van Groenigen and van Kessel, 2002; 
Diefendorf et al. 2010; Kohn, 2010). Both positive and negative correlations have been 
observed between plant δ
13
C and temperature (Heaton, 1999) However plant δ
13
C had been 















temperature (Kohn, 2010; Diefendorf et al. 2010). Changing CO2 partial pressure and 
changing temperature collectively results in plant δ
13
C being positively correlated with 
altitude (Körner et al. 1991). Under a forest canopy several of these parameters can 
synergistically result in particularly low 
13
C values in ground level plant relative to the same 
plant types in open environments (Vogel, 1978; Medina and Minchin, 1980; van der Merwe 
and Medina, 1989, 1991; Sonesson et al. 1992) and this phenonmenon is known as the 
“Canopy effect”. Under a closed forest canopy, there is limited mixing between atmospheric 
and forest air CO2. The isotopically light CO2 released by rotting organic matter gets trapped 
under the canopy resulting in vertical stratification of the forest air 
13
C values. Limited light, 
nutrients, and water availability, along with intake of respired CO2, exacerbate the depletion 
in ground level plant 
13
C values. Around 3‰ to 4‰ difference has been observed between 
leaf 
13
C of forest floor plants and from the top of the canopy (Schleser and Jayaskera, 1985; 
Broadmeadow et al. 1992; Brooks et al. 1997; Buchmann et al. 1997). The canopy effect is 
greatest in dense forest areas and more limited in open canopy woodland and at the edge of 
forests. 
 
Temporal trends in animal bone collagen δ
13
C values during the late Pleistocene and early 
Holocene have previously been observed in red deer, horse, reindeer and cattle across 
Northwest Europe (Drucker et al. 2003a; Richards and Hedges, 2003; Hedges et al. 2004; 
Stevens and Hedges 2004; Stevens, 2004; Hedges et al. 2005; Drucker et al. 2008, 2011a). As 
δ
13
C temporal trends in initial data sets did not appear to differ between species or regions, 
most early investigations were in favour of a global driving factor, such as a change in 
atmospheric CO2 partial pressure and δ
13
C (Richards and Hedges, 2003; Stevens and Hedges, 
2004; Stevens, 2004). However, the canopy effect, temperature and increased water 















et al. 2005; Stevens et al. 2006). As data sets have expanded, it has become evident that 
temporal δ
13
C trend may differs between species (Noe-Nyggard et al. 2005; Lynch et al. 
2008) and within a species between regions (Drucker et al. 2008; 2011a). Thus local 
parameters such as the canopy effect and water availability are now more frequently cited as 
a major driving parameter. Where other proxy environmental data is available, one can more 
confidently determine whether temporal variations in faunal bone δ
13
C values track 
vegetation changes, forest development or changes in water availability and so on. It is also 





The primary control on plant δ
15
N values is their ability to use nitrogen directly from the 
atmosphere. Leguminous plants live in symbiosis with bacteria attached to their roots which 
allow the plant to use nitrogen directly from the atmosphere. Thus their 
15
N is generally 
close to the atmospheric standard (AIR) 
15
N value of 0‰. By contrast non-leguminous 
plants cannot directly use atmospheric nitrogen (N2) but instead depend upon soil inorganic 
nitrogen such as ammonium (NH4
+
) and nitrate (NO3
-
) which are created as part of the 
nitrogen cycle (Hoefs, 1997; Robinson, 2001). Globally, soil and plant δ
15
N have been shown 
to decrease with decreasing mean annual temperature (and to a lesser extent with increasing 
mean annual precipitation) (Amundson et al. 2003). This is likely to be linked to the intensity 
of soil nitrogen cycling and the relative importance of within-ecosystem nitrogen cycling 
versus the relative importance of inputs and outputs (Austin and Vitousek, 1998; Hobbie et 
al. 1998; Handley et al. 1999; Brenner et al. 2001; Hobbie et al. 2005). In cold and/or wet 
ecosystems soil activity is reduced (especially in permafrost or glacial context) and little 
nitrogen is lost from the cycle, thus soil and plant δ
15
N remain low (Handley et al. 1999). In 















mineral nitrogen pools, which are subject to preferential loss of 
14
N through leaching, 
denitrification and ammonia volatilisation, resulting in higher soil and plant δ
15
N (Austin and 
Vitousek, 1998; Handley et al. 1999). Due to changing temperatures and soil activity plant 
δ
15
N is often positively correlated with altitude (Mariotti et al. 1980). As with carbon, 
variations observed in plant δ
15
N are passed up the food chain and are recorded in animal 
bone collagen. Through isotope analysis of archaeological bones we can extract 
palaeoenvironmental information. 
 
Third, isotopic signatures of animals could be influenced by physiological processes within 
the animal that are affected by environmental parameters. Elevated animal nitrogen isotope 
values in hot or arid contexts have often been attributed to physiological stress due to heat 
and lack of water (Heaton et al. 1986; Sealy et al. 1987; Cormie and Schwarcz, 1996; Gröcke 
et al. 1997). However, recent research has indicated that positive correlations between 
herbivore δ
15
N and temperature / aridity are due to changes in diet δ
15
N rather than 
physiological stress (Murphy and Bowman, 2006; Hartman, 2011) 
 
Site location and characteristics 
El Mirón is one of many large caves found in the highly karstified Lower Cretacious (Aptian) 
limestone mountainous area of the Cantabrian Cordillera (Straus et al. 2001) (Figure 1). It is 
located at an altitude of 260 metres above sea level (m.a.s.l.) on the steep western face of the 
Monte Pando (43°14‟48”N, 3°27‟5”W) overlooking the Asón River Valley, (Straus and 
González-Morales, 2010, 2012a,b). El Mirón strategically dominates two major routes of 
communication. First, a north-south route between the northern Castilian plateau and the 
Cantabrian coast. The shore was ca.27-25 km from the cave during the Pleniglacial and 















connects the coast with the Meseta. Second, the cave is near the easiest west-east route 
between Asturias/Cantabria, the Basque Country and south-western France, via the Carranza 
valley. The fluvial network surrounding the site also creates favourable conditions for 
habitation, with two rivers (the Calera and the Gándara), tributaries of the Asón, like the 
Carranza, converging near El Mirón (Figure 1c, Straus and González Morales, 2003, 2009a,b, 
2010, 2012a,b). 
 
Although discovered in 1903, archaeological excavations at El Mirón (led by Lawrence Guy 
Straus and Manuel González-Morales) only began in 1996 and are ongoing. The main foci of 
the excavations have been at the cave vestibule front (“Cabin”) and rear (“Corral”). These 
areas (respectively measuring 9-10 and 8-12 sq.m.) have been connected with a stratigraphic 
trench (“Trench”) 8 m long x 1 m wide (Straus and González-Morales, 2003; Marín-Arroyo, 
2009a,b; Straus and González-Morales, 2010, 2012a,b). The stratigraphic sections for these 
three excavation areas and relationship between them are extensively detailed in Straus and 
González Morales (2012). The radiocarbon chronology for El Mirón and the different cultural 
attribution within the sequence are given in table 1. 
 
Late Middle Palaeolithic (Mousterian) and Early Upper Palaeolithic (early Gravettian) 
cultural evidence at El Mirón is minimal (Straus and González-Morales, 2009b; González-
Morales and Straus in press). These levels are characterised by a scarcity of artefacts and 
fauna and human occupation seems to have been (Marín-Arroyo, 2009a, b). These 
levels were not the focus for isotopic analysis (with the exception of a single sample taken 
from an Early Upper Palaeolithic context: sample XLHB-170). 
 















intensity and discontinuous in nature. The high proportion of Solutrean points present in the 
relatively small lithic assemblage, together with the fact that many of them had been violently 
broken, has been interpreted as being indicative of seasonal hunting or fishing parties 
exploiting local resources, an interpretation which is confirmed by the faunal remains. The 
lithic assemblage contains many different forms, flint types and colours (e.g. microdébitage, 
bladelets, blades, plain flakes and cores), which might indicate contact and trade between the 
different areas of the Cantabrian region. Other artefacts include possible ornamental items, 
such as artificially or naturally perforated shells and red deer canines. The faunal remains are 
dominated by ibex (Capra pyrenaica) and red deer (Cervus elaphus). Their bones are highly 
fragmented, probably indicating intensive butchering, processing and probably marrow/brain 
extraction. Salmon and small fish are also present (Straus and González Morales, 2009b; 
Straus et al. 2011). 
 
In the Magdalenian period the occupation of El Mirón was at its most intensive (Straus and 
González-Morales, 2005). The culturally richest layers belong to the Initial and 
Lower/Middle Magdalenian (i.e. pre-harpoon) period, when the population density was high, 
as can be seen in the abundance of contemporary sites in the region (e.g. Altamira, Castillo, 
Rascaño and Juyo in central Cantabria and other sites in Asturias, Gipuzkoa Vizcaya and 
Navarra). Artefacts include antler sagaies, bone needles and awls, perforated shells and teeth 
(notably red deer canines), abundant lithic débitage, small cores and retouched tools, 
engraved scapulae, a possible spearthrower and a decorated stone pendant (Straus and 
González-Morales, 2001; Straus and González-Morales, 2009a). The Upper Magdalenian is 
less rich in cultural materials, but includes a unilaterally barbed harpoon (Straus and 
González-Morales, 2003, 2010). The Azilian lithic assemblages are charactertized by backed 















Morales, 2001; González-Morales and Straus, 2012a,b; Straus and González-Morales, 
2012a).  
 
The cave is thought to have functioned as a residential site during the Initial and Lower 
Magdalenian (Straus et al. 2001; Straus, 2005; Straus and González Morales, 2005; Rissetto, 
2005; González-Morales et al. 2007; Straus and González Morales, 2007a, 2007b; Marín-
Arroyo, 2009b), with a human burial pertaining to the latter period (Straus et al. 2011). Again 
the faunal remains during this period are dominated by ibex and red deer, although other 
mammals such as equids (Equus ferus), roe deer (Capreolus capreolus), chamois (Rupicapra 
rupicapra) and small carnivores are also present (Marín Arroyo, 2009b, 2010). The hunter-
gatherer groups present in the area are thought to have followed the seasonal movements of 
their main prey, settling temporarily at strategic sites near the resources (Marín-Arroyo, 
2010). The season of occupation during the Magdalenian and Azilian corresponds to late 
spring/early summer, except in the case of level 11, in which there is also limited evidence of 
occupation during the autumn (Marín-Arroyo, 2010). The scale of these seasonal movements 
(both for humans and the fauna), would not have been great, due to the high relief and 
shortness of most Cantabrian valleys (Straus, 1986, 1992; Straus et al. 2002; Marín-Arroyo, 
2010).  
 
With the start of the Holocene a diversification is seen in the faunal assemblages (Marín-
Arroyo, 2010; Altuna and Mariezkurrena, 2012). Reindeer (never common in Cantabrian 
Spain and absent from El Mirón) disappeared, horse decreased and boar (Sus scrofa) and roe 
deer become more important, as a response to the expansion of forests. At the same time, a 
decrease in the size of red deer is observed (Altuna, 1995). This diversification of species in 















faunal resources but, rather, to increasing demographic pressure (Straus, 1997). This would 
have led human societies to optimise the resources in the surrounding areas and the adoption 
of more complex and specialised economic systems (Marín-Arroyo, 2010). The increase in 
population during the Azilian and Mesolithic would have favoured sedentism and the gradual 
abandonment of residential mobility (Marín-Arroyo, 2010). The Mesolithic is culturally 
barely attested at El Mirón, with scarce lithic artefacts and very few instances of boar, red 
deer and roe deer (Altuna et al. 2004; Altuna and Mariezkurrena, 2012). 
 
The Neolithic, Chalcolithic and Bronze Age levels, have a greater number of lithics 
compared to the Mesolithic, and other artefacts such as decorated and undecorated ceramics, 
slag and a copper pin (Straus and González Morales, 2012a). Movement to sedentism 
culminated in the Neolithic, when the first evidence for agriculture (emmer wheat) and 
domesticated livestock (ovicaprines, cattle and pigs) is found at El Mirón (Peña-Chocarro et 
al. 2005a,b; Altuna and Mariezkurrena, 2012). In the early Neolithic, hunting continued to be 
a relatively important subsistence activity (red deer, ibex), in spite of the arrival of 
domesticates from the Near East. In the later Neolithic, however, hunting was notably 
reduced, with a decrease in boar and the complete disappearance of ibex and roe deer. In the 
Chalcolithic, hunting was an incidental subsistence activity which virtually disappeared in the 
Bronze Age (Altuna et al. 2004).  
 
Methodology 
170 samples of red deer bone were selected for isotope analysis, 65 from the Cabin area, 15 
from the mid-vestibule Trench and 90 from the Corral area. The archaeological periods 
represented were the Bronze Age (BA) (n=3), Chalcolithic (Chalc) (n=3), Neolithic (Neo) 















(n=17), Upper Magdalenian (UM) (n=15), Middle Magdalenian (MM) (n=15), Lower 
Magdalenian (LM) (n=38), Initial Magdalenian (IM) (n=8), Solutrean (Sol) (n=12) and Early 
Upper Palaeolithic (EUP) (n=1). A full list of sample provenance is given in online 
supplementary data file 1. The samples were prepared at the McDonald Institute for 
Archaeological Research using a modified Longin (1971) method. Approximately 500 mg 
bone pieces were cleaned by sandblasting and demineralised in 0.5M aq. hydrochloric acid at 
4 °C until they had fully demineralised. Samples were rinsed in distilled water and gelatinised 
by heating in pH 3.0 aqueous solution at 75ºC for 48 hours. The liquid fraction containing the 
dissolved collagen was filtered off, frozen overnight at -20ºC, then stored at -80ºC for 4 hours 
and finally lyophilised. The lyophilised collagen was weighed into tin capsules for isotope 
analysis. Isotope analysis was performed at the Godwin Laboratory, University of 
Cambridge, using a Costech automated elemental analyser coupled in continuous-flow mode 
to a Finnigan MAT253 mass spectrometer. Samples were analysed in triplicate (samples 
XLHB-1 to 36) and in duplicate (samples XLHB-37 to 170), where possible (full details in 
online supplementary data file 1). Carbon and nitrogen results are reported using the delta 
scale in units of „per mil‟ (‰) relative to internationally accepted standards VPDB and AIR 
respectively (Hoefs, 1997). Based on replicate analyses of international (IAEA: caffeine and 
glutamic acid-USGS-40) and in-house laboratory standards (nylon, alanine and bovine liver 







Collagen was sucessfully extracted from 142 of the 170 samples. Of the 28 samples that 
failed to produce sufficient collagen for analysis 26 came from the Corral excavation area, 
and 2 from the Cabin excavation area. Of the 148 samples from which collagen was 















collagen preservation (DeNiro, 1985). For the vast majority of these samples the %C values 
were greater than 35% and %N values were greater than 10%, suggesting the in vivo isotopic 
signature has not significantly altered. 15 samples had C/N atomic ratios above 3.6, indicative 




N values and C/N atomic ratios for 




C values range from -22.2‰ to -19.6‰ with a mean of -20.6‰ ±0.6 and the 
δ
15
N values range from 0.6‰ to 4.5‰ with a mean of 2.9‰ ±0.6. In order to look for 
temporal variations in the deer isotope signature samples from the Cabin, Trench and Corral 
were collated and grouped by archaeological time period (See figure in online supplementary 
data file 2). As isotope results from the Magdalenian / Azilian layers were abundant, it was 
possible to subdivide the results on the chronological subdivisions given by Cuenca-Bescós et 
al. (2012) (See table 1 and online supplementary data files 1 and 2). The Early Upper 
Palaeolithic and the Azilian categories were not included in the statistical analysis of 
individual archaeological periods as only single data points were available from these two 
time periods. Summary statistics (no. of samples, mean, max, min, range, standard deviation) 
for each archaeological time period are given in table 2.  
 
Considering the carbon first, a clear trend towards more negative δ
13
C values can be seen 
over time (See figure in online supplementary data file 2). The mean 
13
C of deer from 
Holocene archaeological horizons (Meso, Neo, BA and Chalc) (-21.6‰ 0.4, n=20) is 
significantly lower (Two-tailed student t-test, p≤0.001) by 0.8‰ relative to that of deer from 
late Pleistocene archaeological horizons (EUP, Sol, IM, LM, MM, UM, FM/Az, Az) (mean 

13
C = -20.4‰ 0.3, n=107). Likewise, the mean values of each of the Holocene 















late Pleistocene periods (Tables 3 and 4). However, the differences between archaeological 
periods within either the late Pleistocene or the Holocene were not statistically significant 
(Table 4). The major shift in 
13
C of the magnitude of 1.1‰ occurs between the Final 
Magdalenien / Azilian mean 
13
C  and the Mesolithic mean 
13
C, although a change of 1.4‰ 
is observed between the Final Magdalenian / Azilian and Chalcolithic mean 
13
C values. The 

13
C values for samples from the Cabin, Corral and Trench excavation areas are similar in the 
Upper Magdalenian, Final Magdalenian / Azilian, Mesolithic and Neolithic horizons. By 
contrast in the Lower Magdalenian and Middle Magdalenian the Corral deer mean 
13
C 
values (LM = -20.5‰ ±0.4, n=16, MM = -20.7‰ ±0.3, n=7) are significantly lower than 
those of the Cabin deer (LM = -20.2‰ ±0.2, n=22, MM = -20.3‰ ±0.4, n=8) (LM p=0.001, 
MM p=0.043).  
 
Further examination of the stratigraphy and radiocarbon dates indicates that the differences 
observed between the Cabin and Corral deer 
13
C during the Lower and Middle Magdalenian 
are likely to be linked to chronology. Figure 2 shows the 
13
C data from the different layers 
in the three stratigraphic sections arranged in a single sequence as established by (Cuenca- 
Bescós et al. 2012) by means of radiocarbon dates as well as by partial physical correlation 
along the mid Vestibule Trench. Temporal variations can be seen within the single sequence. 
The sequence was divided into five 
13
C zones based on clear shifts in the 
13
C values 
(Figure 2). Of the four shifts in 
13
C observed between the zones, three do not occur at the 
boundaries between archaeological horizons. The first change in 
13
C occurs after layer 119 
during the initial Magdalenian, with a shift of around 0.3‰ to more negative values. 
Although zones 1 and 2 appear to have distinctive 
13
C values (zone 1: -20.3‰ 0.3, n=17, 
zone 2: -20.6‰ 0.3, n=19), the difference between their mean 
13
C values is not statistically 















magnitude of the change along with the amount of variation within the two zones may be 
resposible for the lack of statistical significance. The second change in 
13
C occurs after layer 
110, with a shift of around 0.4‰ to more positive values. The mean 
13
C of zones 2 (-20.6‰ 
0.3, n=19) and 3 (-20.2‰ 0.3, n=28) are significantly different (p=0.002). The third 
change in 
13
C occurs after layer 14 during the Upper Magdalenian, with a shift of around 
0.3‰ to more negative values. The mean 
13
C of zones 3 (-20.2‰ 0.3, n=28) and 4 (-
20.5‰ 0.3, n=42) are significantly different (p=0.003). The final change in 
13
C occurs after 
layer 305 at the end of the Azilian, with a shift of around 1.1‰ to more negative values. It 
should be noted however, that the single high 
13
C value during the Mesolithic layer 10.1 
may indicate that the shift in 
13
C occured during the Mesolithic period rather than at the end 
of Azilian (although this sample has not been directly dated).The mean 
13
C of zones 4 (-
20.5‰ 0.3, n=42) and 5 (-21.6‰ 0.4, n=20) are significantly different (p≤0.001). 
 
A broad temporal trend also exists in the nitrogen isotope over time when the samples are 
grouped by archaeological period (See figure in online supplementary data file 2). Unlike for 
carbon however, the δ
15
N generally become more positive. The mean 
15
N of the Holocene 
deer (3.7‰ 0.5, n=20) is significantly higher by 1‰ relative to that of the late Pleistocene 
deer (2.7‰ 0.5, n=107) (Two-tailed student t-test, p≤0.001). However, the general trend to 
higher δ
15
N values appears to be temporally reversed in the Final Magdalenian / Azilian 
period. Although the mean δ
15
N of the late Pleistocene archaeological horizons (Sol, IM, LM, 
MM, UM, FM/Az) seem to differ, these differences are not large or statistically significant 
(Tables 3 and 4). The mean values of each of the Pleistocene archaeological periods are 
significantly different from the mean 
15
N values of the Mesolithic, Neolithic and Bronze 















Azilian relative to the Neolithic. However, the mean 
15
N of all the Magdalenian samples 
(IM, LM MM, UM) (2.8‰ 0.5, n=76) is significantly different to that of the Neolithic 
period (3.5‰ 0.5, n=10) (Two-tailed student t-test, p≤0.001). By contrast, the mean 
15
N of 
the Chalcolithic deer is only significantly different to that of the Solutrean deer, however the 
Chacolithic mean 
15
N is higher than that of each of the Pleistocene archaeological periods 
(Tables 3 and 4). The lack of statistical significance is likely to be related to the low number 
of Chalcolithic samples (n=3).  
 
Unlike in the carbon isotopes, the δ
15
N values for the different excavation areas are similar in 
the Lower, Middle and Upper Magdalenian, Mesolithic and Neolithic periods. In the Final 
Magdalenian / Azilian however, the Trench deer mean δ
15
N is significantly lower than that of 
the Corral deer (Mean 
15
N Trench = 2.1‰ ±0.9, n=6 , Cabin = 3.1‰ ±0.6, n=11, 
Independent Student T-test p=0.015). Further examination of the stratigraphy and 
radiocarbon dates indicates that the difference observed between the Cabin and Trench deer 

13
C could also be linked to chronology. Figure 3 shows the 
15
N data from the different 
layers in the three stratigraphic sections arranged in a single sequence as established by 
(Cuenca-Bescós et al. 2012). There is a shift in the deer 
15
N values in the middle of the Final 
Magdalenian / Azilian. The Cabin deer 
15
N in the early part of the Final Magdalenian / 
Azilian range between 2.9‰ to 3.5‰. By contrast the Cabin and Trench deer in the later part 
of the Final Magdalenian / Azilian are similar, ranging from 1.5‰ to 3.5‰ and 0.6‰ to 
3.1‰ respectively, confirming that the differences between the different sequence appear to 
be linked to chronology. Temporal variations can be seen within the single sequence, with 
five distinct 
15
N zones visible (Figure 3). Unlike in the carbon, three of the four shifts in 

15
N observed between the zones occur at the boundaries between archaeological periods. 
The first change in 
15















Magdalenian and the Lower Magdalenian with a shift of around +0.4‰ to higher values. The 
mean 
15
N of zones 1 (2.4‰ 0.4, n=21) and 2 (2.8‰ 0.4, n=68) are significantly different 
(p=0.016). The second change in 
15
N occurs after layer 307 (Trench) at the boundary 
between the Upper Magdalenian and Final Magdalenian / Azilian boundary, with a shift of 
around +0.5‰ observed. Although 
15
N values above 2.9‰ are seen in both zones 2 and 3, 
no 
15
N value below 2.9‰ are observed in zone 3. The mean 
15
N of these two zones (zone 
2: 2.8‰ 0.4, n=68, zone 3: 3.3‰ 0.3, n=6) are not however statistically significantly 
different. The third change in 
15
N occurs after layer 11.1 (Cabin) during the Final 
Magdalenian / Azilian, with a shift of around +0.8‰. Particularly low 
15
N values are seen in 
zone 4 in addition to values similar to those seen in zone 3. This zone has the largest spread 
of 
15
N values. The mean 
15
N of zones 3 (zone 3: 3.3‰ 0.3, n=6) and 4 (2.5‰ 0.9, n=12) 
are significantly different (p=0.090). The final change in 
15
N occurs after layer 305 (Trench) 
at the end of the Azilian, with a shift of around 1.2‰ to higher values. The mean 
15
N of 
zones 4 (2.5‰ 0.9, n=12) and 5 (3.7‰ 0.5, n=20) are significantly different (p≤0.001). 
 
Discussion 




N values seen through the El Mirón sequence 
provide an insight into the local environmental conditions in the area around the cave. Four 
major shifts are seen in both the carbon and nitrogen isotope signatures, enabling the isotope 
results to be grouped into five zones. Several of these shifts do not coincide with changes in 
archaeological technocomplex. Carbon zone 1 and nitrogen zone 1 are comparable in time. 
The same is true for carbon and nitrogen zones 5. Therefore carbon and nitrogen are 
discussed together for each of these two zones. Carbon zones 2 to 4 and nitrogen zones 2 to 4 
















Carbon and nitrogen Zone 1: EUP, Sol and IM (c. 27 kyr cal BP to c. 20 kyr cal BP)  
Limited information can be gleaned from the single specimen dating to the Early Upper 




N values are similar to those of the Solutrean 
deer. The Solutrean and Initial Magdalenian deer 
13
C values indicate these deer lived and 
consumed vegetation from an open cool environment. The Solutrean and Initial Magdalenian 
deer 
15
N values are relatively low, indicating low temperatures and limited biological 
activity and nitrogen cycling within the soil. This result is consistent with the evidence from 
the micromammals and pollen at El Mirón which suggest the Solutrean occupation occurred 
under the cool arid conditions of the Last Glacial Maximum (Straus and González Morales, 
2009b; Straus et al. 2011). The micromammals recovered from the Solutrean levels are 
dominated by open grassland species, with species typical of barren rocky slopes also being 
abundant (Cuenca-Bescós et al. 2008, 2009; Straus and González Morales 2009b). 
Additionally the Solutrean levels show the lowest number of woodland species in the whole 
Mirón sequence and an abundance of a cold-climate indicator, Microtus oeconomus (Straus 
and González Morales, 2009b). Palynological results confirm an open landscape dominated 
by composites, grasses and heaths, although pine and birch trees were very occasionally 
present (Straus and González Morales, 2009b; Straus et al. 2011). Climate data from the 
wider region is also consistent with the interpretation of a cool open environment. Proxy data 
from marine cores around the Iberian Margins and from lake records on the Iberian Peninsula 
indicate that although temperatures were very cold, the LGM was not the coldest period 
during the Pleniglacial and may have been relatively humid (Moreno et al. 2012). Notably, 
the shift in 
13
C at the end of carbon zone 1 occurs one stratigraphic unit below the change in 

15
N at the end of nitrogen zone 1. It has previously been suggested that a delay can occur 
between a climate change and a detectable response in faunal 
15
N due to the complexity and 

















Carbon Zone 2: Late IM and early LM (c. 20 kyr cal BP to c.18.5 kyr cal BP)  
The transition to slightly lower 
13
C values occurs during the Initial Magdalenian and 
coincides with the onset of the last deglaciation. The decrease in 
13
C values likely indicates 
a change in isotope composition and/or type of vegetation the deer consumed linked to 
increasing water availability as continental and marine climate data indicate this period was 
cold and humid (see Langlais, 2011 and reference therein). The decrease in deer 
13
C values 
cannot be due to the canopy effect because the micromammal assemblage at El Mirón 
indicate open environment (Cuenca-Bescós et al. 2009, 2012; Cuenca and Garcia, 2012), and 
deciduous trees and coniferous trees are thought to have had only a limited presence in the 
region at this time (McKeever, 1984; Uzquiano, 1992; Allen et al. 1996; Muñoz-Sobrino et 















Carbon Zone 3: Late LM and early MM (c. 18.5 kyr cal BP to c.16.3 kyr cal BP) 
The transition to more positive deer 
13
C values at the start of zone 3 broadly coincides with 
the start of the Heinrich stadial 1* (HS1, onset c.18.0 - cal kyr BP, Elliot et al. 2002; 
Sánchez-Goñi and Harrison, 2010). The deer 
13
C values in this zone are similar to those in 
Zone 1 during the LGM, and indicate an open environment. The shift to slightly more 
positive deer 
13
C likely indicates decreasing water availability. This is consistent with 
evidence from marine and terrestrial records from the Iberian Peninsula and its margins, 
which shows a drop in sea surface temperatures and humidity (Grousset, 2001; Elliott et al. 
2002, Rohling et al. 2003; Hemming, 2004; Naughton et al. 2009; Sánchez-Goñi and 
Harrison, 2010). It is likely that in the Iberian Peninsula this interval and not the global LGM 
was the coldest and most arid period (Moreno et al. 2012).  
  
Zone 4: Late MM, UM, FM/Az, and Az (c.16.3 kyr cal BP to 11 kyr cal BP) 
The transition to more negative deer 
13
C values at the start of zone 4 coincides with the 
onset of Heinrich event 1* (HE1 c.16.3 - 14.6 kyr cal BP, Naughton et al. 2009; Barker et al. 
2009; Sánchez-Goñi and Harrison, 2010). The deer 
13
C values remain stable until the end of 
the Azilian suggesting consistent environmental conditions throughout this period. The shift 
to lower 
13
C values at this time could indicate increasing water availability. This is some 
time before the Late-glacial interstadial, when most palaeoclimate records show conditions 
began to ameliorate. An increase in woodland micromammal species at El Mirón during the 
Middle Magdalenian (start of Heinrich event 1) also suggests the start of forest expansion at 
this time. This forest expansion is unlikely to be driving the deer 
13
C values as the canopy 
effect acts as a threshold effect, meaning that a significant degree of forest closure is required 
to trigger visible depletion in the 
13
C values of understory plants. This degree of closure is 















micromammal analysis from the Iberian Peninsula show the Heinrich event 1 marks an 
increase in the temperature of the coldest month, as well as an increase in the mean annual 
precipitation (López-García and Cuenca-Bescós, 2010; Cuenca- Bescós et al. 2012). Thus, 
collectively, the micromammals and stable isotope data suggest pre-Late-glacial increasing 
humidity in this region.  
 
* Heinrich Stadial (HS) refers to the cold interval in a given region associated with an Heinrich Event (HE) (the interval of the 
formation of the ice raft detritus Heinrich layer). The duration of a HS may be longer than that of a HE (Sánchez-Goñi and Harrison, 

















Pollen and micromammal evidence from the Cantabrian region indicates that, with the 
warmer and more humid conditions of the Late-glacial interstadial, conifers expanded into 
higher altitudes, and deciduous trees, such as oak, hazel, alder, and birch, colonized the 
bottom of valleys replacing the steppe landscape (Leroi Gourhan, 1980; López García et al. 
1996; Boyer-Klein, 1981; Dupré Ollivier, 1984; Peman, 1985; López García, 2000; Sánchez-
Goñi and d‟Errico, 2005; Cuenca-Bescós et al. 2012). This forest development does not, 
however, seem to have had a greater effect on the deer 
13
C values than the early forest 
expansion suggesting the forest was not particularly dense.  
 
 The deer 
13
C remain stable into the Final Magdalenian / Azilian period which coincides 
with the Younger Dryas event (Greenland Stadial 1, c. 12.9 cal kyr BP to 11.5 kyr cal BP). 
Micromammals from El Mirón suggest conditions were cold and dry, with a significant 
decrease in the amount of woodland. Pollen records from the Cantabrian region and the 
Iberian Peninsula show a sharp decline in the amount of tree pollen as the deciduous forests 
were broken up and temperate species existed in isolated areas within an open landscape. 
Temperatures dropped but humidity remained high within the region (Straus, 2011 and 
references therein; Uzquiano, 1998; Muñoz-Sobrino et al. 2007). 
 
Thus, despite the varying temperatures and extent of woodland development through 
Heinrich event 1, the Late-glacial interstadial and the Younger Dryas, the deer 
13
C values 
remain constant. This lack of correlation demonstrates that water availability rather than 
temperature or forest development is the most convincing driving parameter of vegetation 
and deer 
13
C in this regions during the late Pleistocene period.  
 















The transition to slightly higher deer 
15
N values at the start of nitrogen zone 2 broadly 
coincides with the onset of the deglaciation after the LGM (Figure 3). The small rise in 
nitrogen isotope values indicates increased nutrient availability and soil biological activity 
due to increased temperatures. Soil development is likely to have been limited by loess 
accumulation. However, increased nutrient availability and soil biological activity would 
have enabled shrubs and trees to colonize previously inhospitable areas. The deer 
15
N 
remain relatively constant through to the end of the Upper Magdalenian, despite the regional 
evidence for changing climatic conditions through Heinrich stadial 1 and Heinrich event 1 
and substantial climate amelioration in the early Late-glacial interstadial as discussed above. 
Thus, periods of low temperature during this interval do not seem to have had as great an 
effect on the nitrogen cycle as the conditions during in the LGM. This suggests that the 
nitrogen cycle is not quick to respond to changing climatic conditions. 
 
















sedimentological analyses at El Mirón indicate soil 
regeneration and stability at this time (Courty and Vallverdu, 2001; Ellwood et al. 2001; 




















Nitrogen Zone 4: Late FM/Az and Az (c. 13.5 kyr cal BP to c.11.5 kyr cal BP) 
The onset of nitrogen zone 4 witnesses a shift to lower red deer 
15
N values, although some 
deer have 
15
N values similar to those in the preceding period (Figure 3). Notably, the lowest 
deer 
15
N value in the whole sequence is seen within this zone and several of the red deer 

15
N are comparable to those detected during the LGM. The transition to lower deer 
15
N 
occurs around 13.5 kyr cal BP, which broadly coincides with the onset of the Younger Dryas 
event (c. 12.9 kyr cal BP to 11.5 kyr cal BP). It is not possible to determine whether the 
inconsistency between the timing of the onset of the Younger Dryas and the shift in deer 
15
N 
values at El Mirón is real as the deer samples are not directly radiocarbon dated. The lower 
deer 
15
N values indicate substantially lower temperature during this period. Moreover, they 
suggest that despite its short duration, the Younger Dryas seems to have had a more major 
effect on the nitrogen cycle than the LGM. Micromorphological and sedimentological 
analyses at El Mirón suggest temperatures decreased threefold at this time and intense 
freezing of the soils occurred (Courty and Vallverdu, 2001; Ellwood et al. 2001; Straus et al. 
2001). If taken at face value, the deer 
15
N values at El Mirón suggest conditions during the 
Younger Dryas were as severe as those during the LGM (and potentially more severe if only 
for a short period). This contradicts the general consensus that conditions in the Cantabrian 
region during the Younger Dryas were milder than during the LGM. Further research is 
required to determine whether this disparity truly indicates particularly harsh conditions at El 
Miron compared to the wider region or is due to our limited understanding of how climatic / 
environmental parameters include faunal 
15
















Carbon and nitrogen zone 5: Meso, Neo, Chalc and BA (11 kyr cal BP to 4 kyr cal BP) 
The transition to more negative deer 
13
C values and more positive 
15
N values at the start of 
zone 5 is the largest isotopic shift in the El Mirón sequence and coincides with the start of the 
Holocene. The 
13
C decrease likely indicates a change in isotope composition and/or type of 
vegetation the deer consumed linked to increasing water availability. It should however be 
noted that lower plant 
13
C values due to increased atmospheric CO2 concentration could also 




N increase indicates 
increased temperatures, soil biological activity, nitrogen cycling and soil development. The 
isotope results are consistent with micromammal data, which suggest warm and humid 
conditions and rapid forest expansion at El Mirón (Cuenca-Bescós et al. 2008, 2009, 2012; 
Cuenca-Bescós and García Pimienta, 2012). Micromorphological and sedimentological data 
also point to soil development and stabilization due to increasing temperatures (Courty and 
Vallverdu, 2001; Ellwood et al. 2001; Straus et al. 2001). Pollen and charcoal data from 
Cantabria and the Iberian Peninsula also indicate rapid expansion of forest after the Younger 
Dryas during the early Holocene (Carrión et al. 2010 and reference therein). Like in the Late-
glacial interstadial, conifers expanded into higher altitudes, and deciduous trees colonized the 
bottom of valleys. As the deer isotope data is more limited from the Holocene, it is not 
possible to extensively examine whether the deforestation that occurred during the Mid 
Holocene (primarily due to clearance by humans) had a major impact on the deer 
13
C values. 




N seem relatively unchanged through the Holocene. 
 
Inter-regional comparison 




N signatures at El Mirón can be 
compared to those seen in other areas of Europe. Comparative red deer carbon and nitrogen 















French Jura, the Paris Basin, the Western Alps, Italy (Online supplementary data file 3). A 
small amount of data is also available from a few other sites in Spain (Online supplementary 
data file 3). Unfortunately data from other areas of Europe is not as abundant, evenly 
distributed through time or chronologically controlled as at El Mirón. Therefore, comparisons 





N data from other regions of Europe divided into time units that are contemporary 
with the cultural unit seen at El Mirón (regardless of the archaeological technologies present 
at these sites). This method of comparison allows geographical differences in temporal 
isotopic trends to be considered. These inter-regional faunal isotope comparisons builds on 
those previously published (Drucker et al. 2003a; Hedges et al. 2004; Stevens 2004; Stevens 
and Hedges, 2004;  Drucker et al. 2008; Stevens et al. 2008; Drucker et al. 2010, 2012).  
 
Considering the carbon first, during the late Pleistocene (Solutrean, Magdalenian and 
Azilian) limited variation in 
13
C is seen (at this resolution) (Figure 4). With the transition to 
the early Holocene (Mesolithic and Neolithic), a shift to more negative deer 
13
C values is 
seen in all geographical regions. However the magnitude of this shift differs between regions. 
The change in 
13
C values is most limited in the Western Alps and Italy, whereas in Spain 
(primarily data from El Mirón) and the UK the shift is slightly greater. A greater magnitude 
shift in deer 
13
C values is seen between the Azilian and Mesolithic in the Paris Basin and 
French Jura. The deer 
13
C values in the UK become more negative in the Neolithic and 
become similar to those in the Paris Basin, but by the Bronze Age they become more positive 
and similar to those seen in Spain. The relatively positive deer 
13
C values seen in all regions 
in the late Pleistocene indicate an open and relatively drier environment. With the onset of the 
Holocene the geographical disparity in the magnitude of the shift to more negative 
13
C 
values relates to local environmental conditions. The smaller magnitude 
13















more southerly regions (Italy and Spain) and higher altitude areas (Western Alps) is likely to 
reflect occupation of open habitats with vegetation 
13
C affected by changes in atmospheric 
CO2 concentration and increasing water availability. However the limited 
13
C shift does not 
necessarily indicate total absence of dense forest as in the Western Alps the deer are thought 
to have occupied higher altitudes, avoiding valley bottoms where closed forests were present 
(Drucker et al. 2011a). The larger magnitude change in 
13
C seen in the Paris basin, French 
Jura and UK is likely to be due to the same factors but additionally to be a result of the more 
extensive development of dense forest canopies. The higher deer 
13
C values seen in the UK 
Bronze Age may reflect the fact that extensive forest clearance had occured by this time.  
 
The deer nitrogen isotope values vary both geographically and temporally (Figure 5). Similar 
variations in 
15
N values have been seen in other herbivores including reindeer, horse and 
bovids (e.g. Drucker et al 2003; Stevens, 2004; Stevens and Hedges 2004; Stevens et al 2008; 
Drucker et al 2012). During the late Pleistocene the deer 
15
N are generally low, with broadly 
similar values in seen in the Jura, Western Alps, the UK and Spain, and slightly higher values 
in Southern France and the Paris Basin. Italy however is the exception as higher values are 
seen in this region. Over time the deer 
15
N values increase in all regions (for which data are 
available), however this change is more gradual and of a more limited magnitude in some 
regions (e.g. Spain and the Western Alps) than in other regions (Paris Basin, French Jura) and 
is particularly large in the UK. The pace of change in 
15
N values seen in the graph is, 
however, probably not a true reflection of speed of 
15
N increase due to the limited sample 
size from some regions and the temporal grouping of data. The isotope results suggest that 
the nitrogen cycle in southern Italy was not greatly affected by the climate conditions during 
the late Pleistocene, which is consistent with the general consensus that conditions in the 
Mediteranean remained relatively mild at this time. The small rise in 
15















El Mirón) and Western Alps suggests an increase in nitrogen cycling and soil development 
due to increasing temperatures. The larger increase in 
15
N seen in the UK, Paris Basin and 
French Jura indicates a substantial increase in nitrogen cycling and extensive soil 
regeneration and development due to increasing temperatures. This larger increase in 
15
N is 
witnessed in regions where the deer 
13




The carbon and nitrogen isotope analyses of red deer from the well dated archaeological 
sequence at El Mirón have shown that the habitat occupied by the deer underwent 
considerable environmental change between the end of the Pleistocene and the Holocene. In 
the rest of the sequence changes in the red deer isotope signatures were much more 
attenuated, and some times only slightly larger than measurement error.  Variations in the 
carbon isotopes show that the LGM, Heinrich stadial 1, Heinrich event 1, the Late-glacial 
interstadial (GI-1) and the onset of the Holocene all had an impact on the ecosystem occupied 
by the red deer. However, subtle changes in the local environmental conditions within the 
Late-glacial interstadial (GI-1) were not detected in the carbon isotopes. Comparison of the 
red deer carbon isotopes with those from other regions of Europe show that although the 
vegetation changed within the habitat they occupied, the forest was never as dense enough to 
result in a canopy effect as seen in more northern regions. Further isotopic analysis of more 
forest dwelling species such as roe deer would help determine whether a dense forest canopy 
was also absent from the wider landscape surrounding El Mirón. The deer nitrogen isotopes 
at El Mirón generally increased over time indicating the regeneration of soil biological 
activity and nitrogen cycling, which was temporarily interrupted during the Younger Dryas. 
Although the deer 
15















great as that observed in other regions of Europe. This is in line with the well-known habitat 
and dietary flexibility of Cervus elaphus (Straus, 1981 with references therein). 
Acknowledgements 
We would like to thank the Museo de Prehistoria y Arqueología de Cantabria (MUPAC), the 
Consejería de Cultura of the Gobierno de Cantabria, the Instituto de Prehistoria of the 
Universidad de Cantabria and their staff for granting permission to sample the faunal 
remains. Louise Butterworth, Catherine Kneale, Mike Hall and James Rolfe are thanked for 
their technical assistance. RS would like to thank the Royal Society for financial support. 
XHB would like to thank Trinity College, Cambridge, for financial support. The excavations 
directed by LGS and MRG-M have been authorized and partially funded by the Gobierno de 
Cantabria, Consejeria de Cultura, with substantial additional funding from the US National 
Science Foundation, Fundacion M. Botin, L.S.B. Leakey Foundation, Ministerio de 
Educacion y Ciencia, National Geographic Society, University of New Mexico and the UNM 
Fund for Stone Age Research. We would like to thank Dorothée Drucker and an anonymous 
















Allen, J.R.M., Huntley, B., Watts, W.A., 1996. The vegetation and climate of northwest 
Iberia over the last 14,000 yr. J. Quaternary Sci. 11, 125–147.  
Allen, T.G., Hacking, P., Boyle, A., 2000. Eton Rowing lake. The burial traditions. Tarmac 
Papers, 4, 65-106. 
Altuna, J., 1995. Faunas de mamíferos y cambios ambientales durante el Tardiglacial 
cantábrico, in: Moure-Romanillo, A., González-Sainz, C. (Eds.), El final del 
Paleolítico cantábrico. Transformaciones ambientales y culturales durante el 
Tardiglacial y comienzos del Holoceno en la Región Cantábrica. PUbliCan, Ediciones 
de la Universidad de Cantabria, Santander, pp.77–118. 
Altuna, J., Cuenca Bescós, G., Elorza, M., García Pimienta, J.C., Lobo, J., Mariezkurrena, K., 
Pérez Ripoll, M., Sanchiz, B., González Morales, M. and Straus, L.G. 2004. Post-
Pleistocene faunas from the archaeological site of El Mirón cave (Ramales de la 
Victoria, Cantabria, Spain): A preliminary summary, in: Baquedano, E., (Ed.), 
Miscelánea en Homenaje a Emiliano Aguirre, vol. II. Alcalá de Henares: Museo 
Arqueológico Regional, Madrid. pp.41–48. 
Altuna, J., Mariezkurrena, K., 2012. Macromammalian remains from the Holocene levels of 
El Mirón Cave, in: Straus, L.G., González-Morales, M., (Eds.), El Mirón Cave, 
Cantabrian Spain. University of New Mexico Press, Albuquerque, pp.288–318. 
Ambrose, S.H., Norr, L. 1993. Experimental evidence for the relationship of the carbon 
isotope ratios of whole diet and dietary protein to those of bone collagen and 
carbonate, in: Lambert, J.B., Grupe, G. (Eds.), Prehistoric human bone - Archaeology 
at the molecular level, Springer Verlag, Berlin, pp. 1–37.  
Amundson, R., Austin, A.T., Schuur, E.A.G., Yoo, K., Matzek, V., Kendall, C., Uebersax, 















soil and plant nitrogen. Global Biogeochem. Cy. 17 (1), 1031. 
Austin, A.T., Vitousek, P.M., 1998. Nutrient dynamics on a precipitation gradient in Hawai. 
Oecologia 113, 519–529. 
Balasse, M., 1999. De l‟exploitation du lait au Néolithique moyen, en Europe tempéreé. 
Examen des modalités de sevrage des bovins, par l‟analyse isotopique des ossements 
archéologiques. Thèse de doctorat, Université Paris 6, Mémoires des Sciences de la 
Terre no 99–25. 
Barker, S., Diz, P., Vautravers, M.J., Pike, J., Knorr, G., Hall, I.R., Broecker, W.S., 2009. 
Interhemispheric Atlantic seesaw response during the last deglaciation. Nature, 457, 
1097–1102. 
Bayliss, A, Benson, D, Galer, D, Humphrey, L, McFadyen, L and Whittle, A, 2007b One 
thing after another: the date of the Ascott-under-Wychwood long barrow, Cambridge 
Archaeological Journal 17 (1, supplement), 29–44. 
Bayliss, A., Healy, F., Whittle, A. 2011. Gathering Time: Dating the Early Neolithic 
Enclosures of Southern Britain and Ireland, Volume 1, Oxbow, Oxford. 
Bocherens, H., Billiou, D., Mariotti, A., Patou-Mathis, M., Otte, M., Bonjean, D. Toussaint, 
M., 1999. Palaeoenvironmental and palaeodietary implications of isotopic 
biogrochemistry of Last Interglacial Neanderthal and mammal bones in Scladina Cave 
(Belgium). J. Archaeol. Sci. 26, 599–607. 





l’exploitation de l’environnement par les humains, in: Giligny, F. (Ed.), Louviers “La 
Villette” (Eure): un site néolithique moyen en zone humide. Documents Archéologies 
de l’Ouest, Rennes, pp. 265–269. 
Bocherens, H., Drucker, D.G., Taubald, H., 2011,   Preservation of bone collagen sulphur 















Palaeogeogr. Palaeocl. 310, 32-38. 
Bocherens, H., Drucker, D., 2013. Stable isotopes in terrestrial teeth and bones. In: 
Encyclopedia of Quaternary Science, 2
nd
 Edition, S. Elias (ed.), Amsterdam, Elsevier, 
vol. 1, 304-314. 
Boyer-Klein, A., 1981. Análisis palinológico del Rascaño, in: González Echegaray, J., 
Barandiarán Maestu, I. (Eds.), El Paleolítico Superior en la cueva del Rascaño 
(Santander). Ministerio de Cultura. Santander, pp. 217–220.  
Brenner, D.L., Amundson, R., Baisden, W.T., Kendall, C., Harden, J., 2001. Soil N and N-15 
variation with time in a California annual grassland ecosystem. Geochim. 
Cosmochim. Ac. 65, 4171–4186. 
Broadmeadow, M.S.J., Griffiths, H., Maxwell, C., Borland, A.M., 1992. The carbon isotope 
ratio of plant organic material reflects temporal and spatial variations in CO2 within 
tropical forest formations in Trinidad. Oecologia 89, 435–441. 
Brooks, J.R., Flanagan, L.B., Varney, G.T., Ehleringer, J.R., 1997. Vertical gradients in 
photosynthetic gas exchange characteristics and refixation of respired CO2 within 
boreal forest canopies. Tree Physiol. 17, 1–12. 
Buchmann, N., Guehl, J.M., Barigah, T.S., Ehleringer, J.R., 1997. Interseasonal comparison 
of CO2 concentrations, isotopic composition, and carbon dynamics in an Amazonian 
rainforest (French Guiana). Oecologia 110, 120–131. 
Soc. B– Biol. Sci. 
274, 2471–2480. 
Carrión, J.S., Fernández, S., González-Sampériz, P., Gil-Romera, G., Badal, E., Carrión-















and surprises in the Lateglacial and Holocene vegetation history of the Iberian 
Peninsula and Balearic Islands. Rev. Palaeobot. Palyno. 162, 458–475. 
Chaffenet, G., Cordier, F., 1999. L’abri des Corréardes à Lus-la-Croix-Haute (Drôme): un 
site de chasse du Néolithique ancien dans la haute vallée du Buëch. Trav. Du Centre 
d’archéol. préhist. de Valence; 2, Programme collectif de rech. CIRCALP ; 1997-
1998., in: Beeching, A. (Ed.), Circulations et identités culturelles alpines à la fin de la 
préhistoire: matériaux pour une étude. Centre d’archéol. Préhist. Valence, pp. 359-
371. 




C: Lack of 
precipitation effects on 
15
N for animals consuming low amounts of C4 plants. 
Geochim. Cosmochim. Ac. 60, 4161–4166. 
Courty, M.A., Vallverdu, J., 2001. The microstratigraphic record of abrupt climate changes in 
cave sediments of the western mediterranean. Geoarchaeology 16, 467–500. 
Craig, O.E., Biazzo B., Colonese, A.C., Di Giuseppec, Z., Martinez-Labarga, C., Lo Vetro, 
D., Lelli, R., Martini, F., Rickards, O., 2010. Stable isotope analysis of Late Upper 
Palaeolithic human and faunal remains from Grotta del Romito (Cosenza), Italy. J. 
Archaeol. Sci. 37, 2504–2512. 
Cuenca-Bescós, G., Straus, L.G., González-Morales, M.R., García-Pimienta, J.G., 2009. The 
reconstruction of past environments through small mammals: from the Mousterian to 
the Bronze Age in El Mirón Cave (Cantabria, Spain). J. Archaeol. Sci. 36, 947–955. 
Cuenca-Bescós, G., Straus, L.G., González Morales, M.R., García Pimienta, J.C., 2008. 
Paleoclima y paisaje del final del cuaternario en Cantabria: los pequeños mamíferos 
del Mirón (Ramales de la Victoria). Revista Española de Paleontología 23, 91–126. 
Cuenca-Bescós, G., Straus, L.G., González Morales, M., García Pimienta, J.C., 2009. The 















the Bronze Age in El Mirón Cave (Cantabria, Spain). J. Archaeol. Sci. 36, 947–955.  
Cuenca-Bescós, G., Marín-Arroyo, A.B., Martínez, I., González Morales, M., Straus, L.G., 
2012. Relationship between Magdalenian subsistence and environmental change. The 
Mammalian Evidence from El Mirón. Quatern. Int. 272–273, 125–137. 
Cuenca Bescós, G., García Pimienta, J.C., 2012. Holocene biostratigraphy and climatic 
change in Cantabria: the micromammalian faunas of El Mirón Cave (Ramales de la 
Victoria, Cantabria, Spain), in: Straus, L.G., González-Morales, M.R., (Eds.), El 
Mirón Cave, Cantabrian Spain. The site and its Holocene archaeological record. 
University of New Mexico Press, New Mexico, pp. 205–242. 
Dawson, T.E., Mambelli, S., Plamboeck, A.H., Templer, P.H., and Tu, K.P., 2002. Stable 
isotopes in plant ecology. Annu. Rev. Ecol. Syst. 33, 507–559. 
DeNiro, M.J., 1985. Postmortem preservation and alteration of in-vivo bone collagen isotope 
ratios in relation to palaeodietary reconstruction. Nature 317, 806–809. 
Diefendorf, A.F., Mueller, K.E., Wing, S.L., Koch, P.L., Freeman, K.H., 2010. Global-
patterns in leaf 
13
C discrimination and implications for studies of past and future 
climate. P. Natl. Acad. Sci. 107, 5738–5743. 
Drucker, D., Bocherens, H., Cleyet-Merle J.J., Madelaine, S. Mariotti, A., 2000. Implications 
paléoenvironnementales de l'étude isotopique (¹³C, 
15
N) de la faune des grands 
mammifères des Jamblancs (Dordogne, France), Paléo 12, 127-140. 
 
Drucker, D., Bocherens, H., Bridault, A., Billiou, D., 2003a. Carbon and nitrogen isotopic 
composition of red deer (Cervus elaphus) collagen as a tool for tracking 















northern Jura (France). Palaeogeogr. Palaeocl. 195, 375–388. 
Drucker, D., Bocherens, H., Billiou, D., 2003b. Evidence for shifting environmental 
conditions in Southwestern France from 33,000 to 15,000 years ago derived from 
carbon-13 and nitrogen-15 natural abundances in collagen of large herbivores. Earth 
Planet. Sc. Lett. 216, 163–173. 
Drucker, D., Bridault, A., Hobson, K.A., Szuma, E., Bocherens, H., 2008. Can carbon-13 in 
large herbivores reflect the canopy effect in temperate and boreal ecosystems? 
Evidence from modern and ancient ungulates. Palaeogeogr. Palaeocl. 266, 69–82. 





O) as tracer of temperature variation in Late glacial and early 
Holocene: case study of red deer from Rochedane site in French Jura. Geol. J. 44, 
593–604. 
Drucker, D.G., Bocherens, H., Billiou, D., 2009b. Quelle valence écologique pour les rennes 





N) du collag ne. In: La fin du Palé olithique supé rieur dans le 
nord, l‟est de la France et les ré gions limitrophes, Mé moire de la Société préhistorique 
française, 50, 73–86. 
Drucker, D.G., Bocherens, H., 2010. Analyses isotopiques du carbone (
13
C) du collagène 
des restes de faune de Reute-Schorrenried. Fundberichte aus Baden-Württemberg, 31, 
89–95. 
Drucker, D.G., Bridault, A., Cupillard C., Hujic A., Bocherens, H., 2012. Evolution of habitat 
and environment of red deer (Cervus elaphus) during the Late-glacial and early 

























Drucker, D.G., Kind, C.J., Stephan, E., 2011b. Chronological and ethological information on 
the early Holocene reindeer in NW Europe using radiocarbon and stable isotope 
analysis: case study from southern Germany. Quatern. Int. 245, 218–224. 
Drucker, D.G., Madelaine, S., Morala, A., 2011c Les derniers rennes de Dordogne: nouvelles 







N). Paleo 22, 85-100. 
Drucker, D.G., Bridault, A., Cupillard C. 2012. Environmental context of the 






S) of bone collagen from reindeer. (Rangifer tarandus). Quaternary International. 
272-273: 322-332. 
Dupré Ollivier, M., 1984. Palinología de los niveles VII a II, in: Altuna, J., Merino, 
J.M. (Eds.), El yacimiento prehistórico de la cueva de Ekain (Deba, 
Guipuzcoa). Eusko Ikaskuntza e Sociedad de Estudios Vascos, San Sebastian, 
pp.61–63. 
Ehleringer, J. R., Cerling, T. E., and Helliker, B. R. (1997). C4 photo-synthsis,atmospheric 
CO2 and climate.Oecologia 112, 285–299. 
Elliot, M., Labeyrie, L., Duplessy, J.C., 2002. Changes in North Atlantic deep-water 
formation associated with the Dansgaard–Oeschger temperature oscillations 
(60–10 ka). Quaternary Sci. Rev. 21, 1153–1165. 
Ellwood, B.B., Harrold, F.B., Benoist, S.L., Straus, L.G., González-Morales, M., Petruso, K., 
Bicho, N.F., Zilhão, J., Soler, N., 2001. Paleoclimate and intersite correlations from 
Late Pleistocene/Holocene cave sites: results from Southern Europe. Geoarchaeology 
16, 433–463. 















M.R., (Eds.), ElMiron Cave, Cantabrian Spain, University of New Mexico Press, 
Albuquerque, pp. 60-94. 
García-Amorena, I., Morla, C., Rubiales, J.M., Gómez Manzaneque, F., 2008. Taxonomic 
composition of the Holocene forests of the northern coast of Spain, as determined 
from their macroremains. Holocene 18, 819–829. 
Garcia-Guixé, E., Martínez-Moreno, J., Mora, R., Núñez, M., Richards, M.P., 2009. Stable 
isotope analysis of human and animal remains from the Late Upper Palaeolithic site of 
Balma Guilanyà, southeastern Pre-Pyrenees, Spain. J. Archaeol. Sci. 36, 1018-1026. 
García-Moreno, A., 2006. La evolución del paisaje en la transición al Holoceno. Desarrollo 
de un modelo predictivo de vegetación en el Valle del Asón (Cantabria). Trabajos de 
Prehistoria 64, 55–72. 
García-Moreno, A. 2010. Evidencias paleopolínicas en el sector centro-oriental de la Cornisa 
Cantábrica durante el Tardiglaciar y el Holoceno inicial. Una visión de síntesis. 
Munibe 61, 103–128. 
González-Morales, M., Straus, L.G. and Marín-Arroyo, A.B., 2007. Los omóplatos decorados 
magdalenienses de la Cueva del Mirón (Ramales de la Victoria, Cantabria) y su 
relación con las Cuevas del Castillo, Altamira y El Juyo. Zona Arqueológica 7, 483–
494.  
González-Morales, M., Straus, L.G., 2012. Terminal Magdalenian/Azilian at El Mirón Cave 
(Ramales de la Victoria, Cantabria) and the Rio Ason Valley, in: Muniz, J., (Ed.), Ad 
Orientem del Final del Paleolitico en el Norte de Espana y las Primeras Civilizaciones 
del Oriente Medio. Mensula Ediciones & Universidad de Oviedo, Oviedo, pp.189–
216. 
González-Morales, M., Straus, L.G. In press. La ocupacion gravetiense de la Cueva del 















la cuenca del Ason, in: Arrizabalaga, A., Lasheras, J.A., (Eds.), Pensando el 
Gravetiense: Nuevos Datos para la Region Cantabrica en su Contexto Peninsular y 
Pirenaico, Universidad de Cantabria/Museo de Altamira, Santander. 
González-Sampériz, P., Leroy, S.A.G., Carrión, J.S. Fernández, S., García-Antón, M., Gil-
García, M.J., Uzquiano, P., Valero-Garcés, B., Figueiral, I., 2010. Steppes, savannahs, 
forests and phytodiversity reservoirs during the Pleistocene in the Iberian Peninsula. 
Rev. Palaeobot. Palyno. 162, 427–457. 
González-Morales, M., Straus, L.G., 2009. Extraordinary Early Madgalenian finds from El 
Mirón Cave, Cantabria (Spain). Antiquity 83, 267–281. 
Gröcke, D.R., Bocherens, H., Mariotti, A., 1997. Annual rainfall and nitrogen-isotope 
correlation in macropod collagen: application as a palaeoprecipitation indicator. Earth 
Planet. Sc. Lett. 153, 279–285.  
Grousett, F., 2001. Les changements abrupts du climat depuis 60.000 ans. Quaternaire 12(4), 
203–211. 
Hakenbeck, S., O'Connell, T.C., Geisler, H., Grupe, G., McManus, E., 2010. Diet and 
mobility in early medieval Bavaria: a study of carbon and nitrogen stable isotopes. 
Am. J. Phys. Anthropol. 143, 235–249. 
Handley, L.L., Austin, A.T., Robinson, D., Scrimgeour, C.M., Raven, J.A., Heaton, T.H.E., 
Schmidt, S., Stewart, G.R., 1999. The N-15 natural abundance (
15
N) of ecosystem 
samples reflects measures of water availability. Aust. J. Plant Physiol.26, 185–199. 
Hartman, G., 2011 Are elevated 
15
N values in herbivores in hot and arid environments 
caused by diet or animal physiology? Funct. Ecol. 25(1), 122–131.  
Heaton, T.H.E., 1999. Spatial, species and temporal variations in the C-13/C-12 ratios of C-3 
plants: implications for palaeodiet studies. J. Archaeol. Sci. 26, 637–649. 















the isotopic composition of bone collagen. Nature 322, 822–823. 
Hedges, R.E.M., Stevens, R.E., Richards, M.P. 2004. Bone as stable isotope archive for local 
climatic information. Quaternary Sci. Rev. 23, 959–965. 
Hedges, R.E.M., Stevens, R.E., Koch, P., 2005 Isotopes and bones, in: Leng, M.J., (Ed.), 
Isotopes in paleoenvironmental research, Developments in paleoenvironmental 
research series, Springer, London, pp.117–145. 
Hedges, R.E.M., Stevens, R.E., Pearson, J.A., 2006. Carbon and nitrogen stable isotope 
compositions of animal and human bone from Ascott under Wychwood long barrow, in: 
Benson D, Whittle A, (Eds.), Building memories: the Neolithic Cotswold, Oxbow books, 
Oxford, pp.239-246. 
Hedges, R.E.M., Clement, J.G., Thomas, D.L., O'Connell, T.C., 2007. Collagen turnover in 
the adult femoral mid-shaft: Modeled from anthropogenic radiocarbon tracer 
measurements. Am. J. Phys. Anthropol. 133, 808–816. 
Hemming, S., 2004. Heinrich events: massive late Pleistocene, detritus layers of the North 
Atlantic and their global climate imprint. Rev. Geophys. 42, 1–43. 
Hill, P.W., Handley, L.L., Raven, J.A., 1996. Juniperus communis L. spp. communis at 
Balnaguard, Scotland: foliar carbon discrimination (
13
C) and 15-N natural abundance 
(
15
N) suggest gender-linked differences in water and N use. Botanical Journal of 
Scotland 48, 209–224. 
Hobbie, E.A., Macko, S.A., Shugart, H.H., 1998. Patterns in N dynamics and N isotopes 
during primary succession in Glacier Bay, Alaska. Chem. Geol. 152, 3–11. 




N ratios reflect 
development of mycorrhizae and nitrogen supply during primary succession: testing 















Hoefs, J., 1997. Stable isotope geochemistry. Springer, Heidelberg. 
Iacumin P., Bocherens H., Delgado Huertas A., Mariotti A., Longinelli. A., 1997. A stable 
isotope study of fossil mammal remains from the Paglicci Cave, S. Italy. N and C as 
palaeoenvironmental indicators. Earth Planet. Sci. Lett. 148, 349-357. 
Iriarte, M.J., 2009. Vegetation landscape and the anthropization of the environment in the 
central sector of the Northern Iberian Peninsula: current status. Quatern. Int. 200, 66–
76. 
Iriarte, M.J., 2012. The vegetational contexts of El Mirón throughout the Early to Middle 
Holocene: contributions from the palynological study, in: Straus, L.G., González-
Morales, M. (Eds.), El Mirón Cave, Cantabrian Spain, University of New Mexico 
Press, Albuquerque, pp. 119–142. 
Jacobi, R.M., Higham, T.F.G., 2011. The Later Upper Palaeolithic Recolonisation of Britain: 
New Results from AMS Radiocarbon Dating, in Ashton, N., Lewis, S.G., Stringer, C., 
(Eds.), The Ancient Human Occupation of Britain, Amsterdam: Amsterdam, pp 223-
247. 
Kohn, M.J., 2010. Carbon isotope compositions of terrestrial C3 plants as indicators of 
(paleo)ecology and (paleo)climate. P. Natl. Acad. Sci. 107, 19691–19695. 
Korner, C., Farquhar, G.D., Wong, S.C., 1991. Carbon isotope discrimination by plants 
follows latitudinal and altitudinal trends. Oecologia 88, 30–40. 
Langlais, M., 2011. Processes of change in Magdalenian societies in the Pyrenean isthmus 
(20–16 ky cal BP). Antiquity 85, 715–728. 
Leroi-Gourhan, A., 1980. Yacimiento de la cueva del Pendo. Análisis polínico, in: González 
Echegaray, J., (Ed.), El yacimiento de la cueva de El Pendo (exc. 1953-57). 
Bibliotheca Praehistorica Hispana, CSIC, Madrid, pp.265–266. 















investigation into diet at Yarnton, Oxfordshire, using stable carbon and nitrogen 
isotopes. Oxford J. Archaeol. 28 (3), 301–322. 
López-García, P., 2000. La reconstrucción del clima a través de la Palinología, in: García 
Codrón, J.C. (Ed.), La reconstrucción del clima en época preinstrumental. 
Universidad de Cantabria, Santander, pp. 123–146. 
López-García, P., López Sáez, J.A., Uzquiano, P., 1996. Paleoambiente y hábitat en las 
Marismas de Cantabria en los inicios del Holoceno: el caso del Abrigo de la Peña del 
Perro, in: Ramil, P., Fernández, C., Rodríguez, M. (Eds.), Biogeografía Pleistocena-
Holocena de la Península Ibérica. Xunta de Galicia, Santiago de Compostela, pp. 
333–348. 
López-García, J.M., Cuenca-Bescós, G., 2010. Evolution Climatique durant le Pléistocène 
supérieur en Catalogne (Nord-Est de l‟Espagne) d‟aprês l‟étude des 
micromammifères. Quaternaire 21, 249–257. 
Loveday, R., Gibson, A., Marshall, P.D., Bayliss, A., Bronk Ramsey, C., van der Plicht, H., 
2007. The antler maceheads dating project, Proceedings of the Prehistoric Society, 73, 
381-392. 
Lynch, A.H., Hamilton, J.H., Hedges, R.E.M., 2008. Where the wild things are: aurochs 
and cattle in England. Antiquity 82, 1025–1039. 
Mannino, M.A., Di Salvo, R., Schimmenti, V., Di Patti, C., Incarbona, A., Sineo, L., 
Richards, M.P., 2011a. Upper Palaeolithic hunter-gatherer subsistence in 
Mediterranean coastal environments: an isotopic study of the diets of the earliest 
directly-dated humans from Sicily. J. Archaeol. Sci. 38, 3094-3100. 















shore? Investigating prehistoric hunter-gatherer subsistence, mobility and territoriality 
in a Mediterranean environment through isotope analyses on marine mollusc shell 
carbonates and human bone collagen. Quatern. Int. 244, 88-104.  
Marín-Arroyo, A.B., 2009a. Assessing what lies beneath the spatial distribution of a 
zooarchaeological record: the use of GIS and spatial correlations at El Mirón Cave 
(Spain). Archaeometry 51, 506–524. 
Marín-Arroyo, A.B., 2009b. Exploitation of the montane zone of Cantabrian Spain during the 
Late Glacial. Faunal evidence from El Mirón Cave. J. Anthropol. Res. 65, 69–102. 
Marín-Arroyo, A.B., 2010. Arqueozoología en el Cantábrico Oriental durante la transición 
Pleistoceno/Holoceno. La cueva del Mirón. PUbliCan, Ediciones de la Universidad de 
Cantabria, Santander. 
Mariotti, A., Pierre, D., Vedy, J.C., Bruckert, S., Guillemot, J., 1980. The abundance of 
natural nitrogen 15 in soils along an altitudinal gradient. Catena 7, 293–300. 
Meadows, J, Barclay, A, and Bayliss, A, 2007. A short passage of time: the dating of the 
Hazleton long cairn revisited, Cambridge Archaeological Journal 17 (1, supplement), 
45–64. 
McKeever, M.H., 1984. Comparative palynological studies of two lake sites in western 
Ireland and northwestern Spain. Thesis. Trinity College, Dublin, Ireland.  
Medina, E., Minchin, P., 1980. Stratification of 
13
C in Amazonian rainforests. Oecologia 45, 
337–378. 
Moreno, A., González-Sampériz, P., Morellón, M., Valero-Garcés, B.L., Fletcher, W.J., 
2012. Northern Iberian abrupt climate change dynamics during the last glacial cycle: 
A view from lacustrine sediments. Quaternary Sci. Rev. 36, 139–153. 
Muñoz-Sobrino, C., Ramil-Rego, P., Gómez-Orellana, L., 2004. Vegetation of the Lago 















reconstruction on the basis of two new pollen sequences. Veg Hist. Archaeobot. 13, 
1–22.  
Muñoz-Sobrino, C., Ramil-Rego, P., Gómez-Orellana, L., 2007. Late Würm and early 
Holocene in the mountains of northwest Iberia: biostratigraphy, chronology and tree 
colonization. Veg Hist. Archaeobot. 16, 223–240. 
Murphy, B.P., Bowman, D.M.J.S., 2006. Kangaroo metabolism does not cause the 
relationship between bone collagen 
15
N and water availability. Functional Ecology 20, 
1062–1069. 
Naughton, F., Sánchez Goñi, M.F., Kageyama, M., Bard, E., Duprat, J., Cortijo, E., Desprat, 
S., Malaizé, B., Joly, C., Rostek, F., Turon, J.L., 2009. Wet to dry climatic trend in 
north western Iberia within Heinrich events. Earth Planet. Sc. Lett. 284, 329–342. 
Nicod, P.Y., Picavet, R., 2003. La stratigraphie de la Grande Rivoire (Isère, France) et la 
question de la néolithisation alpine, in: Besse, M., Stahl Gretsch, L.I., Curdy, P. 
(Eds.), Constella Sion. Hommage à Alain Gallay. Cahiers d’Archéologie Romande 
95, Lausanne, pp. 147-168. 
Noe-Nygaard, N., Price, T.D., Hede, S.U., 2005. Diet of aurochs and early cattle in southern 




C stable isotopes. J. Archaeol. Sci. 32, 855–
871. 
Oberlin, C., Pion, G., 2009. Le corpus des datations radiocarbone et la disparition du Renne, 
in: Pion, G., Mevel, L., (Eds.), La fin du Paléolithique supérieur dans les Alpes du 
nord françaises et le Jura méridional. Approches culturelles et environnementales. 
 50, 51-57.  
O'Leary, M.H., 1995. Environmental effects on carbon isotope fractionation in terrestrial 
plants, in: Wada, E., Yoneyama, T., Minagawa, M., Ando, T., Fry, B.D. (Eds.), Stable 















Pemán, E., 1985. Cazadores magdalenienses en la cueva de Erralla (Cestona, País Vasco). 
Capítulo 5. Aspectos climáticos y ecológicos de los micromamíferos del yacimiento 
de Erralla. Munibe 37, 49–57. 
Peña-Chocarro, L., Zapata Peña, L., García Gazólaz, J., González Morales, M., Sesma 
Sesma, J., Straus, L.G., 2005a. The spread of agriculture in northern Iberia: new 
archaeobotanical data from El Mirón cave (Cantabria) and the open-air site of Los 
Cascajos (Navarra). Veg Hist. Archaeobot. 14, 265–278.  
Peña-Chocarro, L., Zapata, L., Iriarte, M.J., González Morales, M., Straus, L.G., 2005b. The 
oldest agriculture in northern Atlantic Spain: new evidence from El Mirón Cave 
(Ramales de la Victoria, Cantabria). J. Archaeol. Sci. 32, 579–587. 
Peñalba, M.C., 1994. The history of the Holocene vegetation in northern Spain from pollen 
analysis. J. Ecol. 82, 815–832. 
Privat, K.L., O'Connell, T.C., Richards, M.P., 2002. Stable isotope analysis of human and 
faunal remains from the Anglo-Saxon cemetery at Berinsfield, Oxfordshire: dietary 
and social implications. J. Archaeol. Sci. 29, 779–790. 
Richards, M.P., Hedges, R.E.M., 1999. Stable isotope evidence for similarities in the types of 
marine foods used by late Mesolithic humans at sites along the Atlantic coast of 
Europe. J. Archaeol. Sci. 25, 1247–1252. 




N values of 
fauna from Northwest Europe over the last 40,000 years. Palaeogeogr. Palaeocl. 193, 
261–267. 
Rissetto, J.D., 2005. Using lithic procurement strategies to define Magdalenian hunter-
gatherer mobility patterns in Asón Valley of Eastern Cantabria, Spain, in: Bicho 
Pereira, N., (Ed.) Actoas do IV Congresso de Arqueologia Peninsular 2004.: 















Rohling, E.J., Mayewski P.A., Challenor, P., 2003. On the timing and mechanism of 
millennial scale climate variability during the last glacial cycle. Clim. Dynam. 20, 
257–267. 
Robinson, D., 2001. 
15
N as an integrator of the nitrogen cycle. Trends Ecol. Evol. 16, 153-
162. 
Sánchez Goñi, M.F., d‟Errico, F., 2005. La historia de la vegetación y el clima del último 
ciclo climático (OIS5e-OIS1, 140.000-10.000 años BP) en la Península Ibérica y su 
posible impacto sobre los grupos paleolíticos. Museo y Centro de Investigación de 
Altamira. Monografías 20, 115–129.  
Sánchez-Goñi, M.F., Harrison S.P., 2010. Millennial-scale climate variability and vegetation 
changes during the Last Glacial: Concepts and terminology. Quaternary Sci. Rev. 29, 
2823–2827. 
Schleser, G.H., Jayasekera, R., 1985. 
13
C variations of leaves in forests as an indicator of 
reassimilated CO2 from the soil. Oecologia 65, 536–542. 
Schulting, R.J., Blockley, S.M., Bocherens, H., Drucker, D., Richards, M.P., 2008. Stable 
carbon and nitrogen isotope analysis on human remains from the Early Mesolithic site 
of La Vergne (Charente-Maritime, France). J. Archaeol. Sci. 35, 763–772.  
Sealy, J.C., van der Merwe, N.J., Lee-Thorp, J.A., Lanham, J.L., 1987. Nitrogen isotopic 
ecology in Southern Africa: implications for environmental and dietary tracing. 
Geochim. Cosmochim. Ac. 51, 2707–2717. 
Sonesson, M., Gehrke, C., Tjus, M., 1992. CO2 Environment, microclimate and 
photosynthetic characteristics of the moss Hylocomium splendens in a sub-arctic 
habitat. Oecologia 92, 23–29. 
Sparks, J.P., Ehleringer, J.R., 1997. Leaf carbon isotope discrimination and nitrogen content 















Stevens, R.E., 2004. Establishing links between climate/environment & both modern & 
archaeological hair & bone isotope values: Determining the potential of 




N as palaeoclimatic and 
palaeoenvironmental proxies. D. Phil thesis submitted to the University of Oxford. 
Stevens, R.E., Hedges, R.E.M., 2004. Carbon and nitrogen stable isotope analysis of 
northwest European horse bone and tooth collagen, 40,000 BP-present: palaeoclimatic 
interpretations. Quaternary Sci. Rev. 23, 977–991. 
Stevens, R.E., Lister, A.M., Hedges, R.E.M., 2006. Predicting trophic level, diet, and 
palaeoecology from stable isotope analysis: a comparative study of five red deer 
populations. Oecologia 149(1), 12–21. 
Stevens, R.E., Jacobi, R., Street, M., Germonpré, M., Conard, N.J., Münzel, S.C., Hedges, 
R.E.M., 2008. Nitrogen isotope analyses of reindeer (Rangifer tarandus), 45,000 BP 
to 9,000 BP: Palaeoenvironmental reconstructions. Palaeogeogr. Palaeocl. 262, 32–
45. 
Stevens, R.E., O‟Connell, T.C., Hedges, R.E.M., Street, M. 2009. Radiocarbon and stable 
isotope investigations at the Magdalenian sites of Gönnersdorf and Andernach - 
Martinsberg, Germany, Journal of Human Evolution 57 (2), 131-148. 
Stevens, R.E., Jacobi, R.M., Higham, T.F.G., 2010. Reassessing the diet of Upper 
Palaeolithic humans from Gough‟s Cave and Sun Hole, Cheddar Gorge, Somerset, 
UK. J. Archaeol. Sci. 37, 52–61.  
Straus, L.G. 1977. Of deerslayers and mountain men: Paleolithic faunal exploitation in 
Cantabrian Spain, in: Binford, L.R. (Ed.), For Theory Building in Archaeology, 
Academic Press, New York, pp.41–76. 
Straus, L.G., 1981. On the habitat and diet of Cervus elaphus. Munibe 33, 175–182. 















Asturias. J. Anthropol. Archaeol. 5, 330–368. 
Straus, L.G., 1992. Iberia before the Iberians. University of New Mexico Press, Albuquerque. 
Straus, L.G., 2005. The Upper Paleolithic of Cantabrian Spain. Evol. Anthropol. 14 (4), 145–
148. 
Straus, L.G., 2011. Were there human responses to Younger Dryas in Cantabrian Spain? 
Quatern. Int. 242 (2), 328–335. 
Straus, L.G., González-Morales, M., 2001. The Upper Paleolithic in El Mirón Cave 
(Ramales, Cantabria, Spain). In Le Paléolithique supérieur européen. Bilan 
quinquennal 1996-2001, Commission VIII-XIVe Congrès UISPP (Liège, 2-8 
septembre 2001). Liège: ERAUL 97, pp.134–139. 
Straus, L.G., González-Morales, M., 2003. El Mirón Cave and the 
14
C chronology of 
Cantabrian Spain. Radiocarbon 45, 41–58. 
Straus, L.G., González-Morales, M., 2005. El Magdaleniense de la cueva del Mirón (Ramales 
de la Victoria, España): observaciones preliminares. In Bicho Pereira, N., (ed.) O 
Paleolitico. Actas do IV Congresso de Arqueologia Peninsular 2004. Universidade do 
Algarve, Faro, pp.49–62. 
Straus, L.G., González-Morales, M., 2007a. Further radiocarbon dates for the upper 
Paleolithic of El Mirón Cave (Ramales de la Victoria, Cantabria, Spain). Radiocarbon 
49, 1205–1214. 
Straus, L.G., González-Morales, M., 2007b. Early Tardiglacial human uses of El Mirón Cave 
(Cantabria, Spain), in: Kornfled, M., Vasil‟ev S., Miotti, L. (Eds.), On Shelter‟s 
Ledge. Histories, Theories and Methods of Rockshelter Research. British 
Archaeological Reports, Oxford, pp.83–93. 
Straus, L.G., González-Morales, M.R., 2009a. Extraordinary early Magdalenian finds from El 















Straus, L.G., González-Morales, M.R., 2009b. A preliminary description of Solutrean 
occupations in El Mirón cave (Ramales de la Victoria, Cantabria). Munibe 
(Antropologia-Arkeologia) 60, 117–137. 
Straus, L.G., González-Morales, M.R., 2010. The radiocarbon chronology of El Mirón Cave 
(Cantabria, Spain): new dates for the initial Magdalenian occupations. Radiocarbon 
52, 33–39. 
Straus, L.G., González-Morales, M., 2012a. El Mirón Cave, Cantabrian Spain. The site and 
its Holocene archaeological record. Albuquerque: University of New Mexico Press.  
Straus, L.G., González-Morales, M., 2012b. The Magdalenian settlement of the Cantabrian 
region (Northern Spain): The view from El Mirón Cave. Quatern. Int. 272-273, 111-
124.  
Straus, L.G., González-Morales, M., Farrand, W.R., Hubbard, W.J., 2001. Sedimentological 
and stratigraphic observations in El Mirón, a Late Quaternary cave site in the 
Cantabrian Cordillera, Northern Spain. Geoarchaeology 16, 467–500. 
Straus, L.G., González-Morales, M., Fano, M., García-Gelabert, M.P., 2002. Last Glacial 
human settlement in Eastern Cantabria. J. Archaeol. Sci. 29, 1403–1414. 
Straus, L.G., González-Morales, Gutierrez-Zugasti, I., Iriarte, M.J., 2011. Further Solutrean 
evidence in El Mirón Cave. Munibe 62, 117–133.  
Straus, L.G., González-Morales, M., Carretero, J.M., 2012. Lower Magdalenian secondary 
human burial in El Mirón Cave, Cantabria, Spain. Antiquity 85, 1151–1164.  
Szpak, P., Gröcke, D.R., Debruyne, R., MacPhee, R.D.E., Guthrie, R.D., Froese, D., Zazula, 



















N of Pleistocene mammoths: Implications for paleoecology of the mammoth 
steppe. Palaeogeogr. Palaeocl. 286, 88–96. 
Uzquiano, P., 1992. L‟homme et le bois au Paléolithique en Region Cantabrique, Espagne. 
Les exemples d‟Altamira et El Buxu. Les charbons de bois, les anciens écosystèmes 
et le rôle de l‟homme, in: Vernet, J.L. (Ed.), Bull. Soc. Bot. Fr. Actualités Botaniques, 
2/3/4, Paris, pp. 361–372. 
Uzquiano, P., 1998. La végétation cantabrique de 13000 à 9000 BP d‟apr s l‟analyse 
anthracologique. Habitats et ramassages de bois dans un milieu changeant. 
Proceedings of the XIIIth UISPP Congress, vol. I (A.B.A.C.O. (Ed.). Forli, Italia, pp. 
477–482.  




C ratios in Amazonian rain 
forests. Geochim. Cosmochim. Ac. 53, 1091–1094. 
van der Merwe, N.J., Medina, E., 1991. The canopy effect, carbon isotope ratios and 
foodwebs in Amazonia. J. Archaeol. Sci. 18, 249–259. 
van Groenigen, J.W., van Kessel, C., 2002. Salinity-induced patterns of natural abundance 
carbon-13 and nitrogen-15 in plant and soil. Soil Sci. Soc. Am. J. 66, 489–498. 
Vogel, J.C., 1978. Isotopic assessment of the dietary habits of ungulates. S. Afr. J. Sci. 74, 
298–301. 
Voruz, J.L., Perrin, T., Sordoillet, D., 2004. La séquence néolithique de la grotte du Gardon 
(Ain). Bulletin de la Société préhistorique française 1001 (4), 827-866. 
Whittle, A., Bayliss, A., Wysocki, M., 2007. Once in a lifetime: the date of the Wayland‟s 
Smithy long barrow. Cambridge Archaeological Journal 17.1, special supplement, 
103-121. 
Wysocki, M., Bayliss, A., Whittle A., 2007. Serious mortality: the date of the Fussell‟s Lodge 




















O values in plantations of Musa Sp, Musaceae. Geochim. 
















Figure 1: Location of El Mirón Cave in the Iberian Peninsula (A), the Asón River Valley (B) 
and Monte Pando (C) (Modification of map drawn by L.G. Straus, R. Stauber and M. 
González Morales).  
 
 




N from the Cabin (black 
circles), Trench (red triangles) and Corral (blue crosses) grouped by archaeological time 
period. 
 
Figure 2: El Mirón red deer 
13
C from the different layers in the Cabin (black circles), Trench 
(red triangles) and Corral (blue crosses) stratigraphic sections arranged in a single sequence 
as established by (Cuenca- Bescós et al. 2012).  
 
Figure 3: El Mirón red deer 
15
N from the different layers in the Cabin (black circles), Trench 
(red triangles) and Corral (blue crosses) stratigraphic sections arranged in a single sequence 
as established by (Cuenca- Bescós et al. 2012).  
 
Figure 4: Box plots of red deer 
13
C data from Europe divided into time units that are 
contemporary with the cultural units seen at El Mirón (regardless of the archaeological 
technologies present at the different sites). (Solutrean 20-17ka 
14
C BP, Magdalenian 17-12ka 
14
C BP, Azilian 12-10ka 
14
C BP, Mesolithic 10-6ka 
14









Figure 5: Box plots of red deer 
15
N data from Europe divided into time units that are 















Table 1: Radiocarbon chronology at El Mirón for archaeological horizons sampled for this 
study. Full information on material dated and radiocarbon technique used is given in Straus 
and González-Morales 2012a,b. 
 
Table 2: Summary statistics by archaeological time period . 
 
Table 3: Cabin excavation: One-way Anova with Post Hoc Bonferroni Correction: for carbon 
isotopes (white section of table) and nitrogen (grey section of table). 
 
Table 4: Collated sequence (Cabin, Corral and Trench). One-way Anova with Post Hoc 
Bonferroni Correction: for carbon isotopes (white section of table) and nitrogen (grey section 
of table). 
 
Online supplementary data file 1: Sample provenance and isotope results. 
 




N from the Cabin (black 
circles), Trench (red triangles) and Corral (blue crosses) grouped by archaeological time 
period. 




N from the British Isles, 



















































































































































































Corral 14C dates 

















5.1 4120±50 (GX-22130) 



















5170±170 (GX-22128) 303 5500±90 (GX-25854) 
5280±40 (GX-24461) 303.1 5520±70 (GX-25855) 

































Azilian   305 10270±50 (GX-24467)     
Final Magdalenian 
/ Azilian 
11 11785±55 (OxA-22087)  






12 12970±70 (GX-22132) 308 12350±180 (GX-28210) 
105 13490±40 (UG-9286) 





 13   14930±70 (OxA-22089)  























































15470±240 (GX-24466) 112 15430±75 (OxA-22090) 
15450±160 (GX-27115) 114 16460±50 (GX-28209) 




















117 17050±60 (GX-25857) 
19 
16600±40(UGAMS-






119 16960±80 (GX-25857) 

















121 18390±300 (GX-32655) 
125 18980±360 (GX-24470) 
126 18950±350 (GX-24471) 
127 19230±50 (UG-7216) 
Early Upper 
















Table 2: Summary statistics by archaeological time period 
1 -20.3  - - - - 2.1  - - - - 
12 -20.3 0.2 -20.6 -19.9 
0.7 
2.4 0.4 1.6 3.1 
1.5 
8 -20.4 0.3 -21.0 -19.9 
1.1 
2.5 0.6 1.7 3.4 
1.7 
38 -20.4 0.3 -21.2 -19.6 
1.6 
2.8 0.4 2.2 3.8 
1.6 
15 -20.5 0.4 -21.0 -19.9 
1.1 
2.9 0.4 2.1 3.8 
1.7 
15 -20.5 0.3 -21.0 -21 
0 
2.7 0.4 2.0 3.4 
1.4 
17 -20.4 0.4 -21.0 -19.6 
1.4 
2.8 0.9 0.6 3.8 
3.2 
1 -20.1  - - - 
 - 
2.6  - - - 
- 
4 -21.5 0.7 -22.0 -20.5 
1.5 
3.9 0.4 3.5 4.5 
1 
10 -21.5 0.2 -21.8 -21.1 
0.7 
3.5 0.5 3.0 4.3 
1.3 
3 -21.8 0.4 -22.2 -21.4 
0.8 
3.6 0.5 3.2 4.1 
0.9 
3 -21.6 0.6 -22 -20.9 
1.1 

















Table 3: Cabin excavation: One-way Anova with Post Hoc Bonferroni Correction: for carbon isotopes (white section of table) and nitrogen (grey 
section of table). 
≤ ≤ ≤ ≤
≤ ≤ ≤
≤

















Table 4: Collated sequence (Cabin, Corral and Trench). One-way Anova with Post Hoc Bonferroni Correction: for carbon isotopes (white 
section of table) and nitrogen (grey section of table). x = exluded due to insufficient samples. 
≤ ≤ ≤ ≤
≤ ≤ ≤ ≤
≤ ≤ ≤ ≤
≤ ≤ ≤ ≤
≤ ≤ ≤ ≤


























 We measured the δ13C and δ15N of bone collagen of red deer from El Mirón Cave 
 Results show changes in local environment during the late Pleistocene and Holocene 
 Shifts in deer δ13C reflect changes in water availability  
 Shifts in deer δ15N track regeneration of soil biological activity 
 Comparison with European data shows 13C and 15N changes differ between regions 
 
 
 
 
